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The high stability of calcium uranyl carbonate complexes
in the circumneutral pH range has a strong impact on
U(VI) sorption in calcareous soils. To quantify this influence,
sorption of U(VI) to soils in the presence of naturally
occurring calcium carbonate was investigated by conducting
batch experiments in which either U(VI) concentration or
solution pH was varied. Two soils containing different calcium
carbonate concentrations were selected, one from Oak
Ridge, TN, and another from Altamont Pass, CA. The results
show that the presence of calcium carbonate in soils
strongly affects U(VI) sorption. Higher concentrations of
soil calcium carbonate lead to a pronounced suppression
of the pH-dependent sorption curve in the neutral pH
range because of the formation of a very stable neutral
complex of calcium uranyl carbonate in solution. A surface
complexation model considering both strong and weak
sites for ferrihydrite and ionizable hydroxyl sites for clay
minerals was compared with experimental results, and U(VI)
binding parameters were reasonably estimated. Fair
agreement was found between the model predictions and
sorption data, which span a wide range of U(VI)
concentrations and pH. The results also show that
appropriate solution-to-solid ratios need to be used when
measuring distribution coefficients in calcareous soils

to avoid complete CaCOs dissolution and consequent dilution
of calcium uranyl carbonate complexes.

Introduction

Uranium contamination resulting from nuclear energy cycles,
weapons processing, interim storage, and disposal practices
has been found at a number of United States Department
of Energy (DOE) sites (1). To assess the risk of subsurface
transport and to facilitate restoration, better understanding
of uranium retention, reduction, and immobilization in soils
is needed. Under oxidizing geochemical conditions, U(VI) is
potentially mobile, with the mobility of soluble U(VI)
primarily controlled by sorption (2). In many soil systems,
calcite represents an important mineral phase. Despite the
well-acknowledged importance of calcite in buffering soil
solutions, relatively little work has been reported about the
effect of calcite on sorption of U(VI) in soils and sediments.
To improve sorption models and describe subsurface trans-
port and fate of U(VI), the role of calcite must be understood
under conditions representing natural settings.

Sorption of U(VI) onto geological materials has been
studied for decades, and quantitative relations have been
provided for a variety of systems (e.g., refs 3—10). Accurately
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predicting U(VI) sorption in natural geologic settings,
however, remains a challenge because of the large number
of mineral phases present in such complex systems. Anumber
of investigations have shown that aqueous U(VI) tends to
primarily associate with hydrous iron oxides and clay minerals
because of their highly reactive surface areas (11—18).
Recently, Barnett et al. (19) demonstrated that similarities in
extractable iron concentrations among Hanford, Savannah
River, and Oak Ridge Reservation soils led to similar pH-
dependent U(VI) sorption, despite significant differences in
bulk mineralogy. Their finding underscores the primary
importance of iron oxide coatings for U(VI) sorption and the
marginal predictive value gained from semiquantitative
determination of other common mineral fractions.

Surface complexation models have been used to predict
U(VI) sorption in single mineral systems (4, 6, 9, 11, 20—22)
because of their satisfactory description of many well-defined
sorbing systems, especially with respect to changes in ionic
strength and pH (20—22). Applications of surface complex-
ation modeling to U(VI) sorption into soils, however, are less
common because of the complexity of natural systems and
the incompleteness of thermodynamic database. The prin-
cipal difficulty in simulating sorption into soils is how to
accurately determine the “intrinsic” stability constants of
reactions for soil surfaces. The site densities of specific surface
functional groups are not tightly constrained, and the
compositions of soil solutions are not easily controlled (21).
To model sorption into soils, we can apply component
additivity (CA) and generalized composite (GC) approaches
(21). The CA approach predicts sorption on acomplex mineral
assemblage by summing the effects of pure, reference
minerals or organic phases, whereas the GC approach fits
surface complexation equilibria with generic surface func-
tional groups (21). U(VI) sorption to complex solids has been
simulated using a CA approach, with varying degrees of
success (7, 9, 15). Arnold et al. (16), however, successfully
modeled U(VI) sorption onto phyllite by considering iron
hydroxide or iron oxyhydroxide as adominant sorptive phase.
In addition, strong sorption of U(VI) onto clay minerals (17,
18) has been reported. Because of the number of mineral
phases affecting U(VI) sorption in soils, a GC approach can
be useful for predicting U(VI) sorption behavior.

The objectives of this research are (i) to determine
distribution coefficients (Kq) for U(VI) sorption on soils in
the presence of calcium carbonate as a function of solution
pH and U(VI) concentration and (ii) to model the U(VI)
sorption process by applying a surface complexation module
within PHREEQC 2.0 (23) and comparing modeling predic-
tions and experimental sorption data. A CA approach was
taken, combining sorption parameters in the literature with
information on acid-extractable Fe and the clay size fraction
in two calcareous soils.

Materials and Methods

Materials. Soils used for U(VI) sorption were collected from
two locations: Oak Ridge, TN, and Altamont Pass, CA. The
Oak Ridge soil was obtained from the background field site
used by researchers in the DOE Natural and Accelerated
Bioremediation Research (NABIR) Program (24, 25). The
Altamont soil was obtained from Altamont Pass (26). Oak
Ridge background and Altamont Pass are denoted as ORB
and AP, respectively. Soil samples were homogenized and
passed though a 2-mm sieve to remove gravel, with the sieved
soils then air-dried. The two soils used have relatively high
silt and clay percentages (Table 1). A pressure calcimetry
method (27) was used to estimate calcium carbonate
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TABLE 1. Characterization of the Soils Used in the
Experiments

soil particle size analysis® ORB AP
sand (%) 44.5 10.0
silt (%) 43.0 61.7
clay (%) 12.5 28.3
calcium carbonate (%) 0.1 10.0
extractable iron (mg/g)®? 3.65 2.36
native organic carbon (ppm)? 7.72 0.2
pH (1:1 soil extraction)? 5 8

aFrom ref 24. » This study.

concentrations in the soils. This method is used for quan-
tifying calcite concentrations in soils but is also responsive
to a broad range of carbonates. The AP soil has a higher
concentration of naturally occurring calcium carbonate than
the ORB soil. The ferrihydrite concentrations in the soils were
operationally determined by an acid extraction method (28).
Surface-area measurements were obtained using the single-
point Brunauer—Emmett—Teller approach (Micromeritics,
Norcross, GA).

Experiments. Two studies were conducted to evaluate
the influence of calcium carbonate on U(VI) sorption into
ORB and AP soils. The individual experiments investigated
(i) U(VI) concentration-dependent sorption and (ii) pH-
dependent U(VI) sorption.

U(VI) Concentration-Dependent Sorption. For these sorp-
tion experiments, U(VI) stock solution was prepared by
dissolution of certified UO3 in Milli-Q water. The U(VI) stock
solution was diluted to a U(VI) concentration range of 1—30
uM and then adjusted to pH ~8. The maximum U(VI)
concentration used (30 M) at pH 8.0, undersaturated with
respect to U(VI) minerals, was selected based on thermo-
dynamic calculations with PHREEQC 2.0 (23). For all the
solutions, ionic strength was set at 0.01 M with 5 mM KClI
and 5 mM NaNOs. Soil was mixed with U(VI) solution in a
ratio of 1:40 (1.00 g of soil in 40 mL of solution) in 50-mL vials
at room temperature (23 + 1 °C) and vented to the
atmosphere. All conditions were tested in triplicate. Suspen-
sions were agitated on a shaker for 4 d. Previous kinetic
experiments indicated that 4 d was sufficient to reach sorption
equilibrium (3, 11, 29), whereas much longer times can lead
to removal of some U(VI) from the exchangeable pool (29).
After the 4-d equilibration, the final pH of each mixture was
measured. The aqueous phase was then separated by
centrifugation (4,400 rpm for 30 min) and analyzed for U(VI).

pH-Dependent Sorption. Procedures similar to the U(VI)
concentration-dependent sorption were followed, but in this
case systematically varying the pH. U(VI) stock solution (~3
mM) was diluted to 5 uM over the pH range of ~3.0—10.0.
The pH was adjusted using 0.1 M nitric acid or 0.1 M sodium
hydroxide. The adjustments provided solutions that were
within £0.05 pH unit of target values for a minimum of 24
h. After a 4-d period, however, the pH for some batches
changed due to calcium carbonate dissolution. A 5-mL
suspension was withdrawn for U(VI) concentration analyses
after a 4-d period, at which time the pH of the remaining
mixtures was readjusted to the initial pH. Successive pH
adjustments were periodically monitored and continued until
the solution pH was relatively stable. The final U(VI)
concentrations and pH values were determined after a total
of 8 d. In addition to these samples, operational blanks and
reagent blanks were included. Operational blanks consisted
of the reaction solutions that were not reacted with the soil
sediments. The reagent blank consisted of the distilled water
samples used in the preparation of the reaction solutions.
Analysis of the operational blanks demonstrated that U(VI)
loss to the reaction vial was negligible at the U(VI) concen-
trations and solution pH range used in this study.
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Analysis. U(VI) concentrations were determined by using
a kinetic phosphorescence analyzer (model KPA-11, Chem-
chek Instruments, Richard, WA) with a detection limit of 0.1
ppb.

Degree of U(VI) Sorption. The extent of U(VI) sorption
was expressed in terms of the distribution coefficient, which
is defined as

S’uranium(VI)

K4 (ML/g) = y

@)

uranium(VI)

where Syraniumeviy is the U(VI) sorbed on soils (mg/g) and
Auraniumviy IS the U(VI) concentration in aqueous solution (mg/
mL). The amounts of U(VI) sorbed were operationally
calculated from differences in the measured initial and final
U(VI) concentrations in solutions.

Modeling of the U(VI) Aqueous Speciation. The solution
chemistry of U(VI) is complicated, with numerous mono-
and multinuclear uranium(VI) hydroxide and uranium(VI)
carbonate complexes (30). In the presence of atmospheric
levels of CO; uranium(VIl) carbonate complexes (e.g.,
UOz(COg)zzf, U02(003)3,47 and CaQUOZ(C03)3), which are only
weakly sorbed by many mineral forms (3, 9, 31, 32), are the
predominant aqueous uranium species at neutral and
alkaline pH. In our work, U(VI) speciation was calculated for
the solution with a total U(VI) of 1076 M in a background
electrolyte 0.01 M NaNOs, equilibrated with and without
calcite present. Both cases considered were in equilibrium
with the atmosphere (i.e., partial pressure of 1073° bar for
Pco,). The distribution of aqueous species was calculated
with the program PHREEQC 2.0 using the database from
WATEQ4F (23). Data for aqueous uranyl species were
supplemented with those from the Nuclear Energy Agency
thermodynamic database (33). A neutral calcium uranyl
carbonate complex, Ca,UO,(CO3);, recently identified in
calcium-rich waters (32, 34, 35), was also included. The large
value of its stability constant suggests that this complex plays
an important role in the environmental chemistry of U(VI).
Recently, Brooks et al. (36) found that the presence of this
complex greatly inhibits microbial reduction of U(VI) at
neutral pH.

The speciation of U(VI) as a function of pH in systems
exposed to a Pco, of 10735 bar without calcite or in equilibrium
with calcite is shown in Figure 1a,b. As seen for those plots,
U(VI) becomes increasingly hydrolyzed and polymerized with
increasing pH. Uranium(VI) carbonate complexes become
dominant in the high pH range. In the low pH range, UO,?*
is the dominant U(VI) species. However, the neutral U(VI)
complex Ca,UO,(COs)3 is predominant in the pH range of
7-9 in equilibrium with calcite (Figure 1b).

Modeling of U(VI) Sorption. Surface complexation mod-
eling was used to compare U(VI) partitioning onto well-
defined surface sites with measured U(VI) sorption into soils.
Spectroscopic evidence has shown the formation of U(VI)
binary and ternary complexes on the surface of iron oxides
(11, 37). The weak acid-extractable iron was assumed to be
ferrihydrite-like and the likely primary sorbing solid phase.
The numbers of reactive sites used in the model was set at
0.875 mol of site/mol of extractable Fe, based on Waite et al.
(11). The modeling approach follows the two-site model for
U(VI) binding to ferrihydrite (38). In the model, two types of
surface sites were postulated on the ferrihydrite, a strong
site and a weak site. The existence of multiple sites for iron
minerals (39, 40) supports this approach. In the two-site
approach, the surface protolysis and electrolyte binding
reactions for the two site types are assumed to be equal and
are given the same log K values. The ratio of weak site to
strong site was 476:1 (i.e., 0.21% of the total for the strong
sites, 99.79% for the weak sites). The parameters used for
ferrihydrite sorption in the two soils are given in Supporting
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FIGURE 1. Distribution of U(VI) speciation in a 0.01 mol/L NaNO3;
solution with a total dissolved U(V1) of 1.0 x 108 mol/L in equilibrium
with atmospheric pCO; (10735 bar) as a function of the solution pH.
The heavy curves represent the total concentration of U(VI) hydroxy
complexes (UOz(OH)z, UOQ(OH)3_, (UOz)z(OH)22+, UO,0H*, and (UOz)a-
(OH)s™). CaU refers Ca,U0,(COs)s. (@) Without calcite. (b) In equilibrium
with calcite.

Information Table 1. Surface complexation constants for
carbonate sorption on ferrihydrite were derived from the
double-layer model by Appelo et al. (41); while the constants
for U(VI) sorption onto ferrihydrite were taken from Payne
(4). The surface reactions and stability constants for ferri-
hydrite included in the model are shown in Table 2. U(VI)
sorption on clay minerals follows the approach used by
Turner et al. (17). In the model, two kinds of surface sites
(AIOH and SiOH) were assumed on clay minerals. The surface
reactions and stability constants for clay minerals are given
in Table 3. Site concentrations for the AIOH and SiOH on
clay minerals shown in Supporting Information Table 2 were
estimated from Turner et al. (17), through a weighted
correction of clay mass fraction. No further adjustments were
made for the site concentrations on ferrihydrite and clay
minerals.

Results and Discussion

U(VI) Concentration-Dependent Sorption. The distribution
coefficients for the two soils investigated at pH 8 as a function
of the U(VI) concentrations are presented in Figure 2a,b. As
seen here, within the U(VI) concentration range under study,
sorption of U(VI) is not linear but rather becomes weaker at
higher U(VI) concentrations. Similar results were obtained
by others (e.g., refs 4, 9, 29, and 39). Also, under the same
conditions, Kq values for the ORB soil are an order of
magnitude larger than those measured for the AP soils. This
difference is most likely related to the different calcium

TABLE 2. Solution and Surface Reactions Used in the
Modeling?

U(VI) agueous complexation reactions log K (I=0)
U022t + H,0O — UO,0HY + HT —5.20
U022 4+ 2H,0 — UO2(OH)+ 2H* —13.00°
U022t 4+ 3H,0 — UO,(OH);~ + 3H* -19.20
U022Jr + 4H,0 — UOz(OH)427 + 4H* —33.00
2U022" + H,0 — (UOy)2(OH)3+ + HF —-2.70
2U022" + 2H,0 — (UO5),(OH)2 T + 2H+ —5.62
3U022Jr + 4H20 e (UOz)g(OH)azJr + 4HJr —-11.90
3U0,2" + 5H20 — (UO5)3(OH)s™ + 5H* —15.55
3U0,2* + 7TH,0 — (UO2)3(OH);~ + 7TH* —31.00
4U02t + 7TH,0 — (UOy)4(OH);+ + 7TH —21.90
U022Jr + 00327 — UO,CO3 9.68
UO,2+ 4+ 2C032~ — UO,(CO3)%~ 16.94
U022t 4+ 3C0O32~ — UO,(CO3)3* ~ 21.60
3U022Jr + 6CO327 - (UOz)s(CO3)667 54.00
2Ca%t + UOzZJr + 3CO327 i C62UOZ(CO3)3 30.45¢
2U072* 4+ COz2~ + 3H,0 — -0.91

(U02)2CO3(OH)37 + 3H*
U022Jr + NO3™ — U02N03Jr 0.30

U(VI1) surface complexation reactions log K (/= 0)

Hfo_wOH + H* — Hfo_wOH," 7.299
Hfo_sOH + H* — Hfo_sOH," 7.294
Hfo_wOH — Hfo_wO~ + H* —8.937
Hfo_sOH — Hfo_sO~ + H* —8.93¢
Hfo_wOH + Ca?* — Hfo_wOCa* + H* —5.854
Hfo_sOH + Ca?* — Hfo_sOHCa?* 4.974
Hfo_wOH + CO32~ + HT — 12.78¢

HfO_WOC027 + H,O

Hfo_sOH + CO32~ + Ht — 12.78¢
Hfo_sOCO;~ + H,0

Hfo_wOH + CO32~ + 2Ht — 20.37¢
Hfo_wOCO2H + H,0

Hfo_sOH + CO32 4+ 2H+ — 20.37¢
HfO_SOCOzH + Hzo

2Hfo_wOH + UQO,2" — —6.06 f
(Hfo_wO),U0; + 2H*

2Hfo_sOH + U022+ — -2.35f
(Hfo_s0),U0; + 2H*

2Hfo_wOH + U052t + CO32~ — —0.24f
(Hfo_wO),U0,C032~ + 2HT

2Hfo_sOH + UO»2+ 4+ COz2~ — 4.33f

(HfO_SO)2U02C0327 + 2H*

aHfo_s and Hfo_w represent strong and weak surface Fe sites,
respectively. U(VI) aqueous complexation reactions from ref 33unless
noted otherwise. ® From ref 50. ¢ From ref 34. 9From ref 23. ¢ From ref
41. "From ref 4.

TABLE 3. Surface Reactions for Clay Minerals

surface reactions log K
SiOH = Si0O™ + H* —7.062
SiOH + H* = SiOH,* —1.242
SiOH + U022+ = SiOUO, " + HT 0.146°
SiOH + 3U02?" + 5H,0 = —16.80

SiO(UOy)3(OH)s + 6H*
AIOH + H* = AIOH,™* 7.60

AIOH = AIO™ + H* —-10.6°
AIOH + UO2%" = AIOUO, " + H 2.47°
AIOH + 3U0,2+ 4 5H,0 = —17.7¢

AlO(UO,)3(OH)s + 6HT

aFrom ref 51.  From ref 15. ¢ From ref 17.

carbonate concentrations in the two soils. As shown in Figure
1la, weakly sorbed neutral U(VI) complex Ca,UO,(COg3)s is
the dominant U(VI) species at pH 8. The calcium carbonate
concentration in the AP soil shown in Table 1 is over 100
times higher than in the ORB soil. It is therefore anticipated
that the ORB soil should have higher U(VI) sorption than the
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FIGURE 2. Distribution coefficients (Ky) as a function of equilibrium
U(VI) concentration for the ORB (a) and AP (b) soils at pH 8. The
ionic strength is 0.01 mol/L. The solid curves denote the simulated

results for U(VI) sorption on ferrihydrite.
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FIGURE 3. Distribution coefficients (Ky) as a function of solution
pH for the ORB (a) (O), AP (b) (<), and ORB+C (ORB amended with
10% CaCOs; powder) (®) soils. The initial U(VI) concentration used
is 5 #M, and ionic strength is 0.01 mol/L. The solid lines indicates
the modeling results considering U(VI) sorption only onto ferrihydrite,
whereas dashed curves refer to the modeling results considering
U(VI) sorption onto both clay minerals and ferrihydrite.

AP soil because of the stable solution Ca,UO,(CO3); com-
plexes. Although the iron oxides, determined by the weak-
acid extraction approach (28), are considered as the primary
sorptive phase in soils, the difference between the calculated
sorptive sites for the two soils based on the iron oxide
concentration is slight (Tables 1 and 2). Using a 0.875 mol
of sites/mol of Fe as site density for ferrihydrite (11), 65 zmol
of sites/g for the ORB soil and 42 umol of sites/g for the AP
soil were obtained, respectively.

pH-Dependent U(VI) Sorption. K4 values as a function
of pH for the ORB and AP soils are presented in Figure 3a,b.
The pH-dependent U(VI) sorption behavior for the ORB soil
shown in Figure 3a is qualitatively consistent with that
observed by Barnett et al. (19), although their Oak Ridge soil
probably lacked calcium carbonate (since its native pH was
4.7). The maximum Ky occurs in neutral pH range; and Kgq
decreases under alkaline or acidic conditions. The effect of
pH on U(VI) sorption, however, is highly suppressed for the
AP soil in the neutral pH range, as indicated by about an
order of magnitude lower Kq values, reflecting formation of
the neutral U(VI) complex Ca,UO,(COg3)s.

To quantitatively assess the effect of calcium carbonate
on U(VI) sorption, U(VI) sorption was conducted by using
ORB soils as described previously but amended with 10%
CaCO; powder, approximately the same amount occurring
in the AP soil. Although different from native soil CaCOs, this
powder solved primarily to ensure that solution Ca?* and
HCO;™ activities remained at or near saturation with respect
to calcite. The results practically replicate the U(VI) sorption
envelope of the calcareous AP soil for pH =5 (Figure 3b). The
large differences between the AP and ORB+CaCOj soils were
observed in acidic pH range, but the mechanisms responsible
for these differences are not clear. The usual U(VI) sorption
envelopes, with maximum Kq observed in neutral pH range
(e.g., Figure 3a), were shifted to low pH range with increasing
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concentrations of calcium carbonate in soil. In the acidic pH
range, U(VI) sorption for the ORB and ORB with added 10%
CaCOj; powder in general is identical (Figure 3a), indicating
that the CaCO3; powder amendment has no effect on U(VI)
sorption (in agreement with equilibrium calculations shown
in Figure 1a,b). Equilibrium speciation calculations exhibit
envelopes of uranium(VI) hydroxy complexes, the dominant
species involved in U(VI) sorption, that shift to lower pH
with increasing soil calcite. With increasing soil calcite
concentrations, Ca,U0O,(C0Os3); becomes the predominant
U(VI) species in the neutral pH range (data not shown).

A number of pH-dependent U(VI) sorption phenomena
have been reported in the literature for anumber of systems,
including single minerals (e.g., refs 3, 11, 12, and 42—44),
mixtures of two minerals (7, 9), and heterogeneous soils (4,
9,12,19,45). U(VI) sorptionis strongly dependent on solution
pH because of changes in solution speciation as a function
of pH, as shown in Figure la,b and because of changes in
surface species with pH. In the absence of calcite, U(VI)
sorption is strong in the neutral pH range where the uranium-
(VI) hydroxy complexes are important (Figure 1a). In the
presence of calcite, however, the more stable neutral U(VI)
complex Ca,UO,(CO3); is the dominant U(VI) species from
pH 7to pH 9, as shown in Figure 1b. In addition, the decrease
in U(VI) sorption at alkaline pH is related to the increased
importance of weakly sorbed aqueous uranium(VI) carbonate
complexes with increasing pH. In contrast, at acidic pH where
the uranyl cation UO2%" is predominant, UO,?* sorption is
known to be relatively weak.

As reported in several studies, U(VI) sorption on calcite
depends on pH, Pco,, and U(VI) concentrations (46—48).
Under slightly alkaline conditions, U(VI) was weakly sorbed
as a monolayer (46). Spectroscopic studies (47) suggest that
calcite is not likely to be a suitable host for the long-term
sequestration of U(VI). Relative to U(VI) sorption onto ferric
oxyhydroxides and chlorite, sorption onto calcite is the
weakest (48).

The overall capacity of calcite to remove U(VI) from
solution is rather limited in the alkaline pH range (45). Thus,
the aqueous U(VI) species Ca,UO,(COs3); is responsible for
decreased U(VI) sorption in the pH range of 7—9 in the
presence of calcite. Calcite dissolution in dilute suspensions
used in sorption studies can also be important and is
addressed in a later section.

Surface Complexation Modeling. Two surface complex-
ation models were used to predict U(VI) sorption. In the first
model, ferrihydrite was considered as the only sorptive phase
in soils. The surface reactions listed in Table 2, together with
site parameters (Supporting Information Table 1), were used
in the model to simulate U(VI) sorption. In the second model,
both ferrihydrite and clay minerals were considered to
contribute to U(VI) sorption in soils. The surface reactions
and site concentrations for ferrihydrite used were the same
as the first model. Additional surface reactions for the clay
minerals used are shown in Table 3. In both models, the
calcium carbonate concentrations used for the ORB and AP
are 0.25 and 25 mM, respectively. These values represent the
equivalent calcium carbonate concentrations in each sus-
pension, based on soil carbonate concentrations (Table 1)
and the solution volume to solid mass ratio used in the
experiment (40:1). The goodness of fit between the simulated
results and experimental data was assessed by the residual
root mean square error (RMSE) (49).

Ferrihydrite Model. The Kq values calculated from the
sorption data and from the simulated U(VI) sorption on
ferrihydrite, as a function of U(VI) concentration (pH 8),
compare well (a RMSE in log Ky of 0.48 was obtained for
Figure 2a and of 0.28 was obtained for Figure 2b), supporting
ferrihydrite-like complexes as the dominant sorptive phases
in both soils. The modeling also indicates that calcium



carbonate concentration in soil strongly affects U(VI) sorption
because nearly identical site concentrations but different
calcium carbonate concentrations were used for the two soils.
In contrast to good matches obtained for sorption isotherms
at pH 8, poor fits between prediction of U(VI) sorption onto
ferrihydrite and experimental data as a function of pH were
observed (data points vs solid lines in Figure 3a,b), as
indicated by the larger RMSE values for log Ky of 1.63 and
1.99 for the solid lines in Figure 3a,b, respectively. The model
overestimates sorption by over a factor of 10 in the neutral
pH range but underestimates sorption in both acidic and
alkaline ranges in the ORB soil. To improve the model
prediction, the contributions of other mineral phases to U(VI)
sorption should be considered, particularly under alkaline
or acidic conditions.

Ferrihydrite + Clay Model. To examine this possibility,
we tested a surface complexation model including U(VI)
sorption onto clay minerals in the soils with reactions listed
in Table 3 together with parameters (Supporting Information
Table 2) in addition to U(VI) sorption onto ferrihydrite. The
predicted sorption of U(VI) on clay minerals is based on a
multiple site-binding model containing edge aluminol and
silanol sites developed by Turner et al. (17). The inclusion
of these surface reactions (dashed lines in Figure 3a,b)
provided a better fit at low pH than obtained by surface
reactions on ferrihydrite alone (The smaller RMSE values of
1.48 and 1.35 in log Kq for the dashed lines in Figure 3a,b).
In addition, nearly identical results for sorption as a function
of U(VI) concentration (pH 8) are obtained as in Figure 2a,b
(data not shown) because U(VI) sorption on clay minerals
is fairly weak under alkaline conditions. It is expected that
improved fits could be obtained by adding cation-exchange
reactions for clay minerals proposed by Turner et al. (17).

Surface complexation modeling provided afair prediction
for U(VI) sorption to soils containing different calcium
carbonate concentrations. Since the modeling presented in
this paper involves a number of unmeasured parameters
and mineral phases, further characterization of the mineral-
ogy, chemistry, and kinetic effects on mineral dissolution
and precipitation are needed to improve predictionson U(VI)
sorption in subsurface environments.

Environmental and Experimental Implications. Batch
experiments and subsequent surface complexation modeling
clearly show that calcium carbonate present in natural soils
significantly influences pH-dependent U(VI) sorption. In the
neutral to slightly alkaline pH range, formation of the neutral
U(VI) complex Ca,UO,(CO3); appreciably inhibits U(VI)
sorption.

The influence of soil CaCOgs in sustaining U(VI) in stable
Ca,UO,(CO3); solution complexes has an important conse-
quence for laboratory measurements of U(VI) sorption
envelopes and isotherms. Because these measurements are
routinely made using very large solution-to-soil ratios, all of
the soil calcite originally present could be dissolved. This
would significantly lower Ca?* concentrations in solutions
and alkalinity relative to levels occurring under field condi-
tions, thus limiting formation of Ca,UO,(C0O3); complexes
and artificially enhancing U(VI) sorption in the neutral to
slightly alkaline pH range. The potential magnitude of this
artifact becomes apparent when considering the pH-de-
pendent solubility of CaCOs at various levels of Pco,. The
general expression provided by Langmuir (30) is

10%97TH™12 102%[H+
5 carr - 1T 10
(VCaH)F’co2

+107%%  (2)
VHco,-

where YCa?" denotes the total concentration of Ca?" in
solution (mol L™%), and the y values are the activity coef-
ficients. Assuming unity for activity coefficients and atmo-
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FIGURE 4. Plots of critical solution-to-soil ratios (R*) vs pH for
specific levels of initial soil calcite. When the solution-to-soil ratio
is greater than R*, all of the initial CaCO; is dissolved, leaving the
solution phase undersaturated with respect to calcite. Also shown
is a horizontal line for the solution-to-soil ratio = 40 used in the
experiments. These results show that the ORB soil suspensions
become calcite undersaturated for pH <8.3, while the AP suspen-
sions are undersaturated at pH <7.4.

spheric Pco, (10735 bar), we have
2Ca2+ — 1013.17[H+]2 + 102.96[H+] + 10—5.26 (3)

The molar concentration of Ca associated with soil CaCO3
is equal to the mass fraction of CaCO; in soil (denoted as X)
times the moles of Ca per mass of CaCO3(9.99 x 10~3mol/g).
Combining these relations leads to an estimated upper limit
of the solution-to-soil ratio usable without potentially
dissolving all of the original soil CaCOs. The estimated limiting
solution-to-soil ratio is denoted R* (mL/g) and is given by

9.99%
zca2+

where Y Ca?* is given by eq 3. The important pH dependence
of this result occurs through the 3 Ca?* term. Plots of R* over
the neutral to slightly alkaline pH range are shown for several
hypothetical soil CaCO; concentrations: 0.1, 1, and 10 mass
% in Figure 4. For agiven soil CaCO; concentration, solution-
to-soil ratios must be kept less than R*(pH) to avoid complete
dissolution of the native calcite and the resulting artificially
high Kq values. This calculation shows that the U(VI) sorption
isotherm obtained at pH 8 for the ORB soil is in fact affected
by the calcite dissolution artifact, while the AP soil remains
safely buffered. In sorption envelope experiments conducted
with 40:1 solution-to-soil ratios, the ORB (0.1% CaCOg3) and
the AP (10% CaCO:s) soils become calcite-undersaturated at
pH values below about 8.3and 7.4, respectively. If dissolution
kinetics are slow enough, these systems will behave as
effectively calcite-undersaturated up to higher values of pH.
For the ORB soil, the ORB+C envelope (Figure 3a) is in fact
the dilution-corrected result. However, since Ca?" concen-
trations are usually not calcite-controlled at pH much lower
than 8, correction for calcite dissolution effects become
unnecessary at neutral and acid pH.

These considerations show that detection of diminished
U(VI) sorption resulting from formation of calcium uranyl
carbonate solution complexes can be easily missed in systems
with low calcite concentrations and with high solution-to-
soil ratios. In calcareous soils, the calcite content needs to
be determined to select solution-to-soil ratios low enough
to maintain saturation. Alternatively, higher solution-to-soil
ratios can be used when additional CaCOs is introduced.

R*(pH) = (4)
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